ABSTRACT. Direct dating of prehistoric paintings is playing a major role in Paleolithic art studies. Very few figures can be directly dated since the necessary condition is that they contain organic carbon-based material. Thus, it is very important to check the presence of organic carbon-based material in situ before sampling in order to protect the visual integrity of the paintings or drawings. We have tested and compared 3 different portable analytical systems that can be used in cave environments for detecting carbon in prehistoric paintings: (1) a very compact X-ray fluorescence (XRF) system in Villars Cave (Dordogne, France); (2) a portable micro-Raman spectrometer in Rouffignac Cave (Dordogne, France); and (3) an infrared reflectography camera in both caves. These techniques have been chosen for their non-destructiveness: no sample has to be taken from the rock surface and no contact is made between the probes and the paintings or drawings. The analyses have shown that all the animal figures have been drawn with manganese oxides and cannot be directly dated by radiocarbon. However, carbon has been detected in several spots such as black dots and lines and torch marks. 14 C results were obtained from 5 torch marks selected in Villars Cave, with ages between 17.1-18.0 ka cal BP. Three methods were used to identify carbon in black pigments or to confirm the presence of torch marks by carbon detection. Thanks to these new analytical developments, it will be now possible to select more accurately the samples to be taken for 14 C dating prehistoric paintings and drawings.
INTRODUCTION
Direct dating of prehistoric paintings is playing a major role in Paleolithic art studies (Valladas et al. 1992 (Valladas et al. , 2001 ). However, very few painting can be directly dated since the necessary condition is that they contain organic carbon-based material. Furthermore, in order to protect the visual integrity of the paintings or drawings, sampling must be accurately undertaken and limited. For those reasons, we propose to carry out in situ non-destructive chemical analysis to check for the presence of organic carbon-based material in pigment before sampling.
The first chemical analysis of prehistoric pigments began in the early 20th century with the discovery of prehistoric art (Moissan 1902) . Advancements in the 1990s (Clottes et al. 1990; Menu et al. 1993) were mainly concerned with the study of the chaîne opératoire conducted by artists for the production of Paleolithic paintings and drawings (Menu and Walter 1992; Baffier et al. 1999; Menu and Vignaud 2006; Chalmin et al. 2008) . More recently, an innovative approach without sampling has been developed for in situ characterization of paintings and drawings by directly analyzing the pigment material at the surface of the cave or shelter walls (de Sanoit et al. 2005; Tournié et al. 2010; Beck et al. 2012; Lahlil et al. 2012; Olivares et al. 2013 ). This approach, initially developed to determine the nature of pigments, can also be used to screen in situ the presence of organic carbon-based material in order to select suitable samples for radiocarbon dating.
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In the framework of this study, we have tested and compared 3 different portable analytical systems for carbon detection in figures or in black dots covering the walls of 2 prehistoric caves. The first system, a very compact X-ray fluorescence (XRF) system, has been used in Villars Cave (Dordogne, France). The second system is a portable micro-Raman spectrometer used in Rouffignac Cave (Dordogne, France). Tests of infrared reflectography have also been conducted in both caves. This article will present the capacities and performances of the devices in the cave environment. Based on these first measurements, samples from Villars Cave have been selected and taken from 5 torch marks for 14 C dating.
METHODS AND RESULTS
In recent years, significant advances have been made in the development of mobile systems. These use different sources of radiation (X-ray, infrared, visible light laser) that can probe fragile and valuable materials without touching them. Thanks to such analytical systems, it is now possible to study without sampling a large number of paintings and drawings in shelters or in prehistoric caves. Two devices specifically developed and used for museums (Raman spectroscopy and IR reflectography) and a commercial X-ray fluorescence (XRF) device are presented in this study.
X-Ray Fluorescence Analysis in Villars Cave
The device used in this study is a commercial XRF elemental analyzer (Niton XL3). The system is a single unit, hand-held and battery-powered (Figure 1 ). It is equipped with a 50-kV miniaturized Xray tube combined with an X-ray detector. It can detect chemical elements heavier than nickel (Z > 28) in a very short time (within 1 min) and without contact with the wall. Therefore, we can easily measure the content of manganese and iron, the major elements of prehistoric pigments, by detecting the X-ray lines at 5.9 and 6.4 keV, respectively. Carbon is not detected directly, but its presence can be inferred from the absence of the above elements (Mn and Fe).
Villars Cave is located in Dordogne, SW France. The cave is ~600 m long and consists of several rooms connected by passageways. Around 30 drawings (horse, bison, ibex, etc.) and 30 sets of dots or lines have been discovered (Delluc and Delluc 1974) . Most are made of black pigments and are stylistically attributed to the Magdalenian period. A total of 22 XRF analyzes were performed on drawings, dots, and lines. Twelve results reveal the presence of manganese oxide for all the animal figures and for a few lines. The 10 other dark spots are made with carbon, probably originating from charcoal. One of these corresponds to a long line known as the Coulée de la Découverte, which is located in the Salle des Cierges (Candle Room). The others correspond to stains probably produced by torches. Among them, 5 locations were selected for 14 C dating: 2 dots on 2 different sets in the Recoin du Balcon; 2 other dots at the Carrefour (intersection between 2 galleries); and finally a black hidden dot near the narrow passage giving access to the Salle des Peintures (Painting Room).
Dating of these samples was performed at the 14 C laboratory of CEA Saclay, France. Pretreatment (chemical to oxidation in CO 2 ) of the Villars samples was done at the LSCE lab (Gif-sur-Yvette, France). Fragments of charcoal taken from dark spots of the cave walls have undergone a series of acid/alkali/acid treatments (90 C for 60 min in the case of the largest samples and at a lower temperature for the others) for extracting carbonates and humic acids. The purified charcoal was then placed in a quartz tube with copper oxide and silver wire. This tube was sealed under vacuum and heated at 835 C for 5 hr. The CO 2 obtained was then reduced to graphite on iron filings and pressed into an aluminum capsule for measurement with the ARTEMIS accelerator (UMS 2572, Saclay, France) by counting the number of C isotopes ( 12 C, 13 C, 14 C). The results are presented in Figure 2 and discussed below. first of the 2 previous marks: 20.5-21.43 cal ka BP. The assigned age of these marks corresponds to the limit of the Ancient Magdalenian period. These results provide evidence that prehistoric men proceeded at least until the area of the Balcon about 30 m away from the Carrefour area, a place where we did not expect their passage. In turn, both results in the Carrefour are significantly younger: 17.1-17.84 and 17.27-18.05 cal ka BP, suggesting a frequentation of the cave 3 ka later from the previous one (Genty et al., in press ).
These results are the first dates obtained on torch marks found on the walls of Villars Cave. Up to now, and besides the age estimation based on the style of the paintings, only 1 14 C date had been carried out on a fragment of burnt bone (19.0-20.5 cal ka BP: D Genty, unpublished data). Thus, the dates obtained on torch marks, which range from 20.4 and 22.1 cal ka BP, confirm this period of occupation (Figure 2 ). All the samples taken from this cave, selected after the screening survey by XRF spectrometry, give Paleolithic ages consistent with their stylistic analysis.
Raman Micro-Spectroscopy in Rouffignac Cave
Raman spectroscopy is a technique used to analyze chemical bonds and the symmetry of molecules. This technique is useful for identifying mineralogical phases in cultural heritage artifacts and pigments (Ricciardi et al. 2009; Tournié et al. 2010 ). In the case of prehistoric art, micro-Raman analyses have been undertaken on samples (Hernanz et al. 2006 (Hernanz et al. , 2008 Ospitali et al. 2006 ), but a recent study has shown that Raman analyses could also be performed in situ, on the red and white paintings of the San rockshelter dating from 3000 BP (Tournié et al. 2010 ).
The Raman spectral features of graphite and related materials are well defined and correspond to 2 intense bands at 1390 and 1590 cm -1 (Tomasini et al. 2012) . Raman spectroscopy is a very sensitive technique that can identify carbon-based material within minutes without any damages for the drawings studied. The quantification of the pigment amount is, however, not possible.
In this study, micro-Raman analyses were performed using a commercial micro-Raman spectrometer (HE532-HORIBA Scientific, Jobin Yvon Technology) in Rouffignac Cave (Dordogne, France). It is equipped with a charge-coupled device (CCD) multichannel matrix detector (1024 × 256 pixels) operating at -70 C. The source is an Nd:YAG laser operating at 532 nm, providing a maximum power of ~100 mW. To avoid sample alteration (particularly dehydration), Raman spectra were recorded using a low excitation power on the drawings using the electronic power control of the laser. The 5-m-long optical fibers allow separating the SuperHead from the bulkier spectrometer. A 50× Nikon long-working distance lens (~15 mm from the sample) was used to avoid any contact with the area analyzed (Figure 3 ). The duration of 1 Raman analysis is a few minutes.
Rouffignac Cave is one of the major sites of Paleolithic cave art. It has been widely studied by archaeologists and scientists to answer authentication and conservation issues. Understanding of the origin and technique of the drawings and engravings present on the walls is of main interest (Barrière 1982; Plassard 1999). Some 240 drawn or engraved figures of animals have been identified. The predominance of mammoths as well as a number of well-organized panels arranged as friezes are some of the remarkable elements of this cave. Drawings are always made of black pigment.
Although no direct dating has been carried out, mainly due to the lack of identified charcoal-based figures, the style of this cave is generally connected to the Magdalenian period. Consequently, one of the objectives of this screening campaign was to find some carbon-based figures in order to confirm the stylistic approach.
Two main locations have been selected to perform the analyses: the Great Ceiling (Grand Plafond) and the Henri Breuil Gallery. The Great Ceiling gathered 65 figures without any striking global organization, whereas the Henri Breuil Gallery with its "ten mammoth frieze" and "rhino frieze" is well structured. Another location presenting 2 "faced mammoths" was also studied. Located a few hundred meters from the Henri Breuil Gallery and the Great Ceiling, these 2 drawings are isolated from the rest of the cave. A total of 10 figures were studied: in the Henri Breuil Gallery, 4 of the 10 mammoths of the frieze forming a stylistically homogeneous group and 1 rhino of the "three rhino frieze"; 3 drawings of the Great Ceiling; and the 2 isolated "faced mammoths."
The results of previous studies using different methods of spectrometry, XRF, X-ray diffraction, Raman analyses (de Sanoit et al. 2005; Beck et al. 2012; Lahlil et al. 2012) have confirmed that the figures of Rouffignac Cave are composed of manganese oxides as pigments. However, we have also observed carbon-containing areas using micro-Raman spectroscopy: the line considered as modern covering the head of the mammoth (#66) located in the Great Ceiling; b) small carbon particles on the mammoth (#180) of the 2 isolated "faced mammoths"; and c) a carotenoid-type organic carbon on the mammoth frieze and the rhino frieze.
The Raman spectra of the black line crossing the front of mammoth #66 clearly show that the material employed for the line is carbon based (Figure 4a ). The 2 broad bands at ~1390 and 1590 cm -1 are characteristic of D and G bands of amorphous carbon (Tomasini et al. 2012) . No bands from phosphates have been observed, which excludes the use of bone black or ivory black. The spectra obtained are in good agreement with the use of charcoal of vegetal origin or soot. Since the charcoal or soot line overlays the head of the mammoth, it seems to be have been added in more recent times. Sufficient carbon is present so that this result could be confirmed or not by 14 C dating.
Raman spectra obtained at the forehead-eyebrow of mammoth #180 exhibit 2 weak bands at ~580 and 650 cm -1 , which are characteristic of manganese oxides. Two other broad bands located at 1370 and 1590 cm -1 are observed. They are characteristic of amorphous carbon such as charcoal (Figure 4b ). Contrary to mammoth #66 where amorphous carbon has been detected on a line transversal to the head, the detected carbon of mammoth #180 consists of small particles belonging to the mammoth drawing itself. The presence of amorphous carbon particles mixed with other pigments has already been found in red or black paintings from the Paleolithic (Ospitali et al. 2006; Chalmin et al. 2008) . It could result from the soot from lamps used to illuminate the walls, or organic matter contained in the original pigment, or to a later redrawing. Since the presence of carbon has been detected very locally and in very low amounts, it seems difficult to take any sample for 14 C dating. For the mammoth and rhino friezes, manganese oxides have been detected at 580 and 650 cm -1 . In addition, 2 weak bands at 1140 and 1510 cm -1 have been recorded in very local areas. These features are typical of organic material with a long carotenoid chain (C=C and C-C stretching modes). These substances are widespread in nature and have been already found in several prehistoric sites (Hernanz et al. 2008; Tournié et al. 2010) . They can come from red pigments of biological origin (e.g. seashells) or from photosynthetic bacteria. In both cases, the amount of these compounds is very low, and due to their uncertain origin, they do not seem suitable for 14 C dating.
These examples have shown the efficiency of micro-Raman spectroscopy for the detection of carbon in prehistoric drawings and paintings. However, the studies in Rouffignac Cave failed to highlight figures entirely performed with charcoal pigment. Thus, no sampling has been done on these figures for dating.
Infrared Reflectography in the Rouffignac and Villars Caves
Infrared reflectography (IR) is used in museums to decrypt painting techniques revealing artist corrections and redrawing. Indeed, infrared radiation goes through most of the paint layers except the black lines that are revealed by contrast (van Asperen de Boer 1968) . This study presented an opportunity to conduct the first test of an infrared camera in a cave environment. In the Rouffignac and Villars caves, we used an infrared imaging system specially designed for art conservators (OSIRISOpus Instruments) (Figure 5a ). This camera provides high-resolution and high-speed images of black drawings. Shots were made in the Painting Room (Salle des Peintures) of Villars Cave and on the Great Ceiling (Grand Plafond) of Rouffignac Cave. As an example, a figure representing the mammoth #66 covered by an assumed modern line composed of carbon (confirmed by Raman analyses) is presented in Figure 5b (visible light) and in Figure 5c (IR). While the mammoth drawing and the transversal line both appear dark black in visible light, they present different gray levels in IR photographs. It is thus possible to distinguish the 2 different materials used in this figure to make the black lines: with IR, manganese oxide, which constitutes the animal figure, appears black while the charcoal-based line partially disappears. This first test shows that it is possible by this nondestructive photographic technique to isolate figures or lines made with carbon.
CONCLUSION
These various portable systems have successfully demonstrated their capabilities to identify carbon in pigments. The carbon screening methods can be applied in situ, in various types of environments, even in sites of high humidity such as prehistoric caves. Through the study of the Villars and Rouf- fignac caves, we have demonstrated the possibility of implementing portable instruments for the detection of organic carbon in prehistoric drawings or paintings and for the identification of torch marks. The results are promising since the methods have provided valuable information on the composition of pigments and black marks without sampling.
Although X-ray fluorescence (XRF) is not able to detect carbon directly, this portable elemental analyzer has the advantage of being easy to use and battery-powered. This is the most compact device that we have tested in cave conditions thanks to its batteries and its short acquisition time. Without obtaining a detailed characterization of the material, this type of analysis performed with a commercial detector is sufficient to screen for the presence of black pigments that do not contain manganese or iron and that are therefore likely to be carbon-based.
Micro-Raman spectroscopy has proven particularly effective and sensitive for the direct detection of organic matter, including carbon. Despite a bit bulky setup, flexible optical fibers allow easy access to the irregular cave walls. The use of this method for the selection of charcoal pigment is very efficient. Infrared reflectography is also relatively easy to apply to prehistoric paintings and drawings, but further tests are necessary to improve the carbon/manganese discrimination.
In conclusion, thanks to the development of new portable and non-destructive analytical instruments, it is now possible to select suitable samples for 14 C dating in situ in the cave. After determination of the chemical composition, the samples can be taken from the site and their number limited by selecting the most appropriate figure or mark. This procedure is very useful for the preservation of the visual integrity of the paintings or drawings and more generally for the rock art preservation. These tools should prove useful in future 14 C dating of prehistoric paintings and drawings.
